The direct electrochemical oxidation of sodium sulfide has been examined at five different carbon-based electrode substrates (glassy carbon (GC), boron-doped diamond (BDD), edge-plane pyrollytic graphite (EPPG), basal-plane pyrollytic graphite (BPPG) and carbon nanotubes (CNT)). An electrocatalytic response is observed at both the EPPG and CNT electrode compared to that of the other three substrates. The higher capacitative charging currents obtained at the CNT electrode hinder its detection range and, as such, the EPPG electrode has been clearly shown to be the substrate of choice for the direct electrochemical detection of sulfide. The procedure was applied to the recovery of a sulfide spike in river water, with a recovery of 104%.
Introduction
The high toxicity of sulfide makes its determination important in both dissolved and gaseous forms. Sulfide can cause severe or fatal poisoning due to the neurotoxic effect of the gas overwhelming the olfactory nerve. 1 As such, these species are recognized as potential dangers by various occupational and environmental regulatory bodies, which set limits on work-place exposure and effluent discharge levels.
Dissolved sulfide has an important role within biogeochemical processes and is released into aquatic environments through bacterial mobilization of sulfurcontaining minerals 2 or where sulfide mineral mining operations are active. The unmediated release of high concentrations of sulfide can effectively overwhelm the checks and balances that operate under natural conditions and can considerably threaten surrounding ecosystems. This dissolved sulfide can then be released as gaseous hydrogen sulfide into the atmosphere.
There are several options available to the analytical community for the detection of both sulfide and hydrogen sulfide that embrace most instrumental methodologies. 3 Electrochemical techniques provide several procedures, as realized in potentiometric, [4] [5] [6] galvanostatic 7, 8 and amperometric [9] [10] [11] [12] [13] [14] devices.
The use of edge-plane pyrolytic graphite (EPPG) as an alternative electrode substrate is well established. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Recent work has demonstrated the versatility of utilizing EPPG as opposed to carbon nanotube (CNT)-based electrodes. The apparent electrocatalytic behaviour of the CNT electrodes is ascribed to the presence of edge-plane sites on the CNT. [16] [17] [18] [19] 27, 28 This has recently led to the use of EPPG electroanalytically as a suitable electrode substrate for the detection of several environmentally and biologically important species. 15, [20] [21] [22] [23] [24] [25] [26] Although the use of EPPG as a substrate for the direct electrochemical determination of sulfide is unexplored, the electrochemical oxidation of thiols on an EPPG electrode has been shown to produce an electrocatalytic response. 20 The work presented herein examines the direct oxidation of sulfide at an EPPG electrode and draws a direct comparison with the response obtained at other carbon-based substrates. The efficacy of using EPPG as a substrate for sulfide detection is demonstrated by the recovery of a "spiked" addition of sulfide from a river-water sample.
Experimental

Reagents
All chemicals were supplied by Aldrich and used without further purification. Phosphate buffer (disodium hydrogen phosphate, 0.025 M; potassium dihydrogen phosphate, 0.025 M) was typically used throughout, with the exception of those experiments engaged in pH studies.
In such instances, Britton-Robinson buffers (acetic, phosphoric and boric acids, each present at a concentration of 0.04 M and adjusted to the appropriate pH through the addition of sodium hydroxide) were used.
Stock sulfide solutions were prepared from the corresponding sodium salt.
Electrochemical apparatus
Electrochemical measurements were recorded using a PGSTAT 30 potentiostat (Ecochemie, Netherlands) with a standard three-electrode configuration. A platinum wire (1 mm diameter, Good Fellows) provided the counter electrode, and a saturated calomel electrode (SCE, Radiometer, Copenhagen) acted as the reference. All potentials stated below were taken with respect to the SCE. An edge-plane pyrolytic graphite (EPPG, 3 mm diameter, Le Carbone, Portslade, Sussex), basalplane pyrolytic graphite (BPPG, 5 mm diameter, Le Carbone), glassy carbon (GC, 2 mm diameter), boron-doped diamond (BDD, 2 mm diameter, Element Six Ltd., Ascot), or a carbon nanotube layer (CNT, NanoLab Inc., diameter 20 -40 nm, length 1 -5 μm, Newton, MA, USA) acted as the working electrode. Roughening of the BPPG electrode surface to introduce edge-plane defects was achieved through abrasive polishing with fine sand paper.
All square-wave experiments were conducted using the following parameters: frequency, 12.5 Hz; step potential, 2 mV; amplitude, 20 mV.
The carbon nanotubes were immobilized onto the glassy carbon electrode using dimethylformamide (DMF) as the dispersing agent. Unless otherwise stated, the casting solution was prepared by introducing 1 mg of nanotubes into 1 mL of DMF. These solutions were then sonicated for 1 h to aid in the dissolution of the nanotubes. A 20-μL aliquot of these sonicated solutions was placed directly onto the glassy carbon surface and allowed to dry. This is entirely consistent with previous experiments involving CNT layers. 14 Next, the response of each electrode to increasing sulfide additions is analysed. The signal obtained at the EPPG electrode (Fig. 1A) shows, in the presence of sulfide, the emergence of an oxidative current at 0.0 V, with the current continuing to increase until +0.3 V, after which a steady response is obtained. This well-defined wave can be attributed to the direct oxidation of sulfide at the EPPG surface. No reduction waves are observed in the reversed scan, thus indicating that the electrochemically generated product cannot be reduced in the potential range studied. A plot of current measured at +0.40 V was found to be linear over the concentration range studied.
Results and Discussion
The CNT layer produced an analogous response to that of the EPPG electrode, with an increase in the oxidative current in the presence of sulfide recorded at 0.0 V, which continued to rise steadily until +0.30 V, after which a steady oxidative current was observed. Once again, no reduction waves were observed, consistent with the data detailed in Fig. 1A . In contrast, the response obtained at the BPPG electrode (Fig. 1C) does not produce a well-defined oxidation wave; instead, the introduction of sulfide causes an increase in the oxidative current at +0.15 V, which continues to rise over the entire potential range studied.
The response obtained at the EPPG electrode was compared with that obtained at the GC and BDD electrodes. The voltammetric response of these two electrodes in the presence of 750 μM sulfide (not shown) produced ill-defined oxidation waves over the potential range studied (0.0 to 1.0 V). The BDD data showed the emergence of an oxidative current attributed to sulfide oxidation at +0.40 V, consistent with previous data, 29 whereas the GC revealed the emergence of this wave at +0.20 V. Table 1 compares the oxidation potentials of the five carbon-based electrode substrates.
This reveals the "electrocatalytic" response of both the EPPG and CNT electrodes compared to that of the other three substrates. Figure 2 details the square-wave voltammetric response of A) EPPG, B) CNT, and C) BPPG electrodes to increasing additions of sulfide (0 to 100 μM). The EPPG electrode produces a welldefined oxidation wave at +0.10 V, which continues to enhance with increasing additions. In contrast, no oxidative wave is obtained at the CNT electrode; although the BPPG electrode shows an increase in the oxidative current above +0.10 V, a well-defined oxidation wave is not obtained. These results once again demonstrate the superiority of using a bare EPPG electrode for the direct determination of sulfide.
A comparison of the analytical parameters obtained using cyclic voltammetry and square-wave voltammetry for the EPPG electrode is detailed in Table 2 . It should be noted in this case the cyclic voltammetric analytical parameters were obtained at a scan rate of 0.1 V s -1 and over the sulfide concentration range 0 -0.1 mM. These results show how cyclic voltammetry not only gives a higher sensitivity in the presence of sulfide, but also allows lower limits of detection to be achieved. It should be noted that the limit of detection using cyclic voltammetry is comparable to other analytical methodologies for sulfide detection.
3 Therefore, cyclic voltammetry will be the technique of choice for the proceeding experiments.
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ANALYTICAL SCIENCES JUNE 2007, VOL. 23 The reasoning behind the variation in electrochemical signal observed at these three electrodes is next studied. It has been previously demonstrated that the electrochemically active sites of CNT are the exposed edge-plane ends or defects. [16] [17] [18] [19] Therefore, it can be expected that both the CNT layer and the EPPG electrode will have similar potentials for the direct oxidation of sulfide. In contrast, the BPPG electrode exhibits "sluggish" electrode kinetics for the oxidation of sulfide. Enhancement of the analytical signal for the BPPG electrode can be achieved by forcibly introducing edge-plane defects onto its surface. Figure 3 details the voltammetric signal (scan rate = 0.1 V s -1 ) of the BPPG electrode when placed in a solution containing 0.2 mM sulfide (pH 7, phosphate buffer) where the electrode was continually "roughened" between each scan. It can be seen that roughening of the surface by abrasive polishing has a remarkable affect on the electrode response-the oxidation wave shifts from +0.13 to 0.0 V and the waveshape becomes more well-defined. The shifting of this wave and variation in waveshape observed confirm the introduction of edge-plane defects onto the basal-plane electrode surface through this roughening technique. 20 To understand the reaction pathway for the electrochemical oxidation of sulfide at the EPPG electrode and to optimise the analytical parameters, an investigation into the effect of the pH on the oxidation-peak potential was undertaken over the pH range of 3 to 11.5. Figure 4A details the voltammetric responses obtained at the EPPG electrode in various buffered solutions, each containing 1 mM sulfide. These responses show that, as the pH is increased from 2.8 to 7.2, the oxidation wave shifts in a negative direction, consistent with the oxidative process becoming easier. However, above pH 7.2, the oxidation potential appears to become independent of the pH, with no shift observed. It should be noted that the literature pKa values of sulfide 30 These results suggest that either the direct oxidation of HSdoes not involve a proton transfer or that the oxidation process is mediated by surface functionalities on the EPPG electrode. Figure 4B details the corresponding standard addition plots for the determination of sulfide when the current was measured at +0.40 V for each of the pH values studied. These results clearly show that, as the pH of the solution is increased from 2.8 to 7.2, a dramatic enhancement in the sensitivity is recorded. This is in agreement with the data from Fig. 4A . Increasing the pH of the solution further was found to enhance the sensitivity from 8.5 μA/mM (pH 7.2) to 11.0 μA/mM (pH 11.6). All further experiments were conducted in pH 7 phosphate buffer.
The integrity of the detection process was examined by assessing the recovery of sulfide from a "spiked" river water sample. The electrochemical measurements were conducted using equal quantities of river water and pH 7 phosphate buffer containing a total of 10 μM absorbed sulfide. Cyclic voltammograms (scan rate = 0.1 V s -1 ) detailing the response of the "blank" river water along with the subsequent additions of sulfide (5 μM) are shown in Fig. 5A . As the concentration of sulfide is increased, an oxidative peak emerges at +0.0 V, entirely consistent with the data detailed above.
A corresponding standard addition plot of the peak-current data 675 ANALYTICAL SCIENCES JUNE 2007, VOL. 23 versus the concentration of sulfide is shown in Fig. 5B . Analysis of this data for three repeated measurements revealed a percentage recovery of 104% (RSD = 6.2%, N = 3), thus confirming the efficacy of this approach.
It is clear that this approach would suffer when determining sulfide in matrices which contain readily oxidisable electroactive species. These intereferences maybe obviated through the use of a gas permeable membrane through which only hydrogen sulfide can pass. This type of arrangement has been used successfully in a number of sensor designs to improve selectivity in complex media.
2,7,8,10
Conclusion
The direct electrochemical oxidation of sodium sulfide at five different carbon-based electrode substrates has been compared. An electrocatalytic response was only observed at the EPPG and CNT electrode substrates. However, the higher capacitative charging currents obtained at the CNT electrode hinder its detection range to sulfide, and as such, the EPPG electrode has been clearly shown to be the substrate of choice for the direct electrochemical detection of sulfide.
Finally, the integrity and efficacy of the approach have been proven by examining the standard recovery of dissolved sulfide in river water, with good agreement shown between the spiked and recovered results.
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